Proton transport by the nitrate-insensitive, vanadate-sensitive ATPase in KI-washed microsomes and reconstituted vesicles from maize (Zea mays L.) roots was followed by changes in acridine orange absorbance in the presence of either KNO3 or KCI. Data from such studies obeyed a kinetic model in which net proton transport by the pump is the difference between the rate of proton transport by the action of the ATPase and the leak of protons from the vesicles in the direction opposite from the pump. After establishing the steady state proton gradient, the rate of return of transported protons was found to obey first-order kinetics when the activity of the ATPase was completely and rapidly stopped. The rate of return of these protons varied with the quencher used. When the substrate Mg:ATP was depleted by the addition of either EDTA or hexokinase, the rate at which the proton gradient collapsed was faster than when vanadate was used as the quencher. These trends were independent of the anion accompanying the K and the transport assay used.
Membranes from maize roots have been shown to contain at least two proton transporting ATPases (6, 28) . One ofthese pumps is localized on the tonoplast membrane and is similar to other vacuolar type ATPases being inhibited by NEM and nitrate, but insensitive to vanadate (7, 28) . The other pump is believed to be localized on the plasma membrane and similar to other E1-E2 type ATPase in forming an aspartyl phosphate intermediate, being sensitive to vanadate and utilizing Mg-ATP as substrate (1, 4, 6, 7, 25, 28) . Transport ATPases of the El -E2 type have been shown to exist in at least two different conformational states depending on the ligands bound to the enzyme (1, 25) . These conformational states have been deduced by changes in susceptibility to proteolytic degradation ( 19 and references cited therein) and fluorescence of aromatic amino acids within the protein (14, 16) and covalently bound probes (15) . It has been postulated that the changes in protein structure are essential for ion movement (25) , because the conformation of the E 1-E2 type ATPase is affected by binding of transported cation (14) .
Characterization of proton transport by the vanadate-sensitive pump from maize roots has been slowed because of difficulties in purifying plasma membranes with competent transport activities. Problems in isolating these membranes arise from the abundance of proteases in membrane fractions (8) and the presence of lipolytic activities which affect membrane integrity (3) . Recent advances in purification of mem- branes from roots have allowed isolation of vesicles with vanadate-sensitive proton transport (6, 7, 10) . Additionally, several reconstitution protocols have been developed to insert the vanadate-sensitive ATPase into liposomes (3, 26) .
In a recent article (28) , a kinetic model for describing proton transport by the tonoplast ATPase was proposed. This model quantifies the overall process of proton transport by simultaneously considering the pumping and the leakage of protons from membrane vesicles. This report extends the use of this model to characterize the activity of the vanadate-sensitive proton pump.
MATERIALS AND METHODS

Preparation of Membrane Vesicles
Microsomes washed with 0.25 M KI were prepared from roots of 3-d-old maize seedlings (cv WF9 x Mo 17) as described previously (3) . Vanadate-sensitive proton transport from KI-washed microsomes was reconstituted into liposomes as described previously, except 10 mg of dioleoylphosphatidylcholine and 2 mg of phosphatidylglycerol were used per mg of protein instead of asolectin (3) . Characteristics of these reconstituted vesicles were essentially the same as reported previously for the ATPase reconstituted into asolectin vesicles (3) . Protein content was determined after deoxycholate-TCA precipitation by the Lowry method (2).
Proton Transport Assay
Proton transport was followed by changes in the absorbance of AO at 492 nm as described by de Michelis et al. (6) . Typically, 100 to 200 ,uL of vesicles were diluted with 2 mL of 17.5 mM Mes-BTP' (pH 6.45), 25 mM D-glucose, 2.5 mM MgSO4, 1 mm EGTA, 7.5 ,M AO, and 50 mM KNO3. After equilibration at 18 to 20°C for 5 min, the reaction was initiated by the addition of 20 ,L of 0.2 M ATP titrated to pH 6 .45 with BTP. Where indicated, proton transport was followed by changes in the fluorescence of AO using excitation and emission wavelengths of 470 and 535 nm, respectively. Results with AO were confirmed by assaying proton uptake by changes in the fluorescence of 10 uM quinacrine in the reac-tion media using excitation and emission wavelengths of 425 and 508 nm, respectively.
Kinetic Model for Proton Transport
The formation of a proton gradient by a pump usually follows a rather complex time course with the net rate of transport approaching zero after some period of time (28) . The decrease in net transport can be attributed to a decline in ATP hydrolysis due to a back-pressure effect in tightly coupled systems (29, 30) . Alternatively, the decrease in transport can be accounted by the pump slipping in poorly coupled systems which represent a failure on the molecular events that result in proton movement (21, 22) . Additionally, the loss of protons due to leakage tends to increase as the gradient becomes larger, decreasing net pumping. Mathematical treatment of the processes that hinder proton transport in reconstituted purple membranes has been addressed previously (24, 27) . This treatment has recently been extended to the ATPdependent proton pump from maize tonoplast vesicles (28) . Net proton pumping at a given time during the formation of a gradient may be represented by (db/dt) = m.R -(kL + kbp)43 = mR -k1b (1) in which a is the net amount of protons transported across the membrane at time, t, after the pump is activated by the addition ofATP. Changes in either absorbance or fluorescence of dyes, like quinacrine and AO, can be related directly to the number of protons transported after considering the distribution of the dye and the buffering capacity of the intravesicular space (20) . The quantity m is a measure of the coupling between ATP hydrolysis and proton transport. The rate constants, kL and kbp, represent the membrane leakage during pumping and the back pressure effect, respectively. Inhibition of the buildup of a proton gradient, ki, is the sum of these two rate constants.
At steady state, the net rate of proton pumping, db/dt, approaches zero ln (I -bl/s) = -k, *t (5) Therefore, Equation 5 provides a convenient means of estimating k,, the rate constant that accounts for the reduction in net proton transport due to back-pressure effect and proton leakage, by constructing the semi-log plot of 1 minus (the decrease in absorbance of AO at time t after the addition of ATP)/(the decrease in absorbance of AO once a steady state value is attained) as a function of time after ATP addition.
Since m * R is equivalent to the initial rate of proton transport, RH, a simple equation for the initial rate of proton transport can be constructed from Equation 3 as follows:
RH= k*6s (6) After a proton gradient is established, its collapse can be induced by the addition of protonophores or inhibitors of ATP hydrolysis. The return of transported protons, 6, may be assumed to obey a first-order kinetics, (db/dt) = k2 6 (7) where k2 is the first-order rate constant for membrane leakage when the pump is not active. Integration of Equation 7 yields: ln (6/6,) = k2.t where t is the time after the pump has been inhibited. ATP Hydrolysis Assays (8) ATP hydrolysis was assayed using 5 to 10 ,uL of vesicles diluted to 100 AsL with reaction media for assaying proton transport without AO. The amount of inorganic phosphate released was determined by the formation of the malachite green-molybdate complex after terminating the reaction with the addition of 100 ,uL of ice-cold 5% TCA and incubating on ice (28) . Alternatively, the rate of ATP hydrolysis was determined by changes in absorbance at 340 nm following the oxidation of NADH in the presence of pyruvate kinase, lactate dehydrogenase and PEP as described previously (28) .
RESULTS AND DISCUSSION
Kinetics of Proton Transport by Vanadate-Sensitive ATPase
When KI-washed microsomes were supplied with Mg-ATP in the presence of 50 mM KNO3, the absorbance of AO at 492 nm decreased consistent with the transport of protons to the intravesicular space (Fig. ID, left ATPase activity, HK, EDTA and vanadate, on the absorbance at 492 nm, each agent was added to vesicles in reaction medium without ATP ( Fig. 1 ). Upon addition of both HK and vanadate to native vesicles, there was only a slight change in absorbance. However, upon addition of EDTA (titrated to pH 6.5 with BTP) to a final concentration of 10 mm, the absorbance at 492 nm increased in a time-dependent fashion. Additionally, absorption spectra of the reaction medium at various times after EDTA addition suggested that the increase in absorbance at 492 nm was due to an increase in light scattering (data not shown), indicative of membrane fusion. Therefore, HK and vanadate were potentially useful quenchers of the ATPase with native vesicles, whereas EDTA was not. With reconstituted vesicles, all three quenchers were potentially useful because they did not induce a time-dependent change in absorbance ( Fig. 1) .
To improve the quantification of the kinetics of proton transport of the vanadate-sensitive proton pump, it was necessary to determine if changes in AO absorbance conformed to the model previously employed for the tonoplast ATPase (28) . One ofthe prerequisites for the application ofthis model is that the rate of ATP hydrolysis is constant over time. Interpretation of results of ATP hydrolysis by native vesicles was complicated by the presence of other ATP utilizing enzymes. Using a reaction time of 10 min, Mg-dependent ATP hydrolysis by native and reconstituted vesicles was completely inhibited between 0.2 and 0.4 mM vanadate (Fig. 2) . ATP hydrolysis by both native and reconstituted vesicles was linear for at least 15 min (Fig. 3) . Mg-dependent ATP hydrolysis also was linear for 15 min. The Mg-dependent activity was nearly abolished by 0.2 mM vanadate. These results suggested that the El-E2 type of transport ATPase constituted a vast majority ofthe Mg-dependent ATP hydrolyzing activity. ATP hydrolysis not inhibited by vanadate was independent of the presence of Mg (Fig. 3) , consistent with the notion that this activity did not result from the ATPase. Using the coupled enzyme assay, maximal inhibition of ATP hydrolysis was found 30 to 40 s after the addition of vanadate. The time (Fig. 3) . The more sensitive coupled enzyme assay could not be used in this instance because the EDTA would remove divalent cations required for pyruvate kinase ( 12) , one of the constituents of the assay medium.
Another prerequisite for the application ofthe model is that the initial rate of proton transport was related to the rate of ATP hydrolysis. Rates of nitrate-insensitive, vanadate-sensitive proton transport and ATP hydrolysis by both native and reconstituted vesicles exhibited a similar dependence on ATP concentration (Fig. 4) . The Km for ATP averaged 0.4 mm for the four different activities (data not shown).
When data concerning changes in AO absorbance by KIwashed microsomes were transformed, a plot of ln (1 -6/&) as a function of time yielded a straight line (Fig. 5A) . Data in the changes in absorbance of AO by reconstituted vesicles also obeyed the above relationship. Therefore, proton transport by the vanadate-sensitive ATPase in both native and reconstituted vesicles apparently obeyed a model that represents net proton transport as the difference between proton pumping and factors contributing to back-pressure effects and proton leakage from the vesicles. ATP hydrolysis by both To estimate k2, the membrane permeability to protons when the pump is not catalyzing transport, the proton transport is allowed to proceed until a steady state AO absorbance was achieved, at which point ATP hydrolysis was stopped and the loss of the proton gradient was followed. Under these conditions, the increase in absorbance of AO should obey a first-order kinetics, i.e. a plot of ln (6/6&) as a function of time should be a linear relationship. Quenchers employed in these studies must satisfy two requirements: (a) they should not alter the absorbance of the reaction media at 492 nm, and (b) they should ATP hydrolysis completely and rapidly. The effects of all three potential quenchers, vanadate, EDTA, and HK, on absorbance at 492 nm and the ability of vanadate and EDTA to rapidly inhibit the ATPase have been demonstrated above. The ability of HK to remove ATP from the assay solution was determined by adding HK to 2 mm ATP solution in the presence ofthe coupled enzyme reaction media and following changes in absorbance at 340 nm as a function of time after HK addition. The addition of 100 units of HK completely depleted the ATP in 2 mL of a 2 mM solution within 10 s (data not shown). Thus, all three compounds appeared to quench the vanadate-sensitive ATPase within a minute after addition, with HK and EDTA being almost instantaneous.
When the ATPase was inhibited by the addition of vanadate, the proton gradient dissipated rather slowly as evident by the slow increase in absorbance at 492 nm (Fig. 1) . When the data were transformed and plotted as a first-order reaction rate (Fig. 5B) , the proton gradient initially dissipated at a relatively fast rate, but slowed to a constant rate after about 40 s as evident by the linear relationship between ln (6/6&) and time. The proton gradient dissipated at a much faster rate after the addition of HK. With native vesicles, the slopes of the first-order reaction plot were about 2.4 times as great in the presence of HK than in the presence of vanadate (Table  I ). The rate of proton leakage when ATP hydrolysis of native vesicles was stopped by HK, k2, was similar to the rate of collapse of an imposed pH gradient in pH jump experiments reported previously (3). Equivalent results were found when proton transport by reconstituted vesicles was arrested (Table  I ). The collapse of proton gradients generated by the ATPase after the addition of inhibitors conformed to first-order kinetics ( Fig. 3) with the leakage rate of protons being 1.7 times greater after the addition of HK as compared to vanadate (Table I ). When ATP hydrolysis was arrested by EDTA, the gradient dissipated at a rate comparable to that found with HK (Table I) .
Both EDTA and HK quenched the enzyme by removing its substrate, Mg:ATP, whereas vanadate probably forms an intermediate analog (17) , thereby inhibiting ATPase activity.
Binding of Mg:ATP alters the conformational state of E1-E2 type ATPases (14, 15, 19) . The structure of the vanadatecomplexed enzyme is also different from that of the unliganded enzyme (19, 25 (7) reported vanadate inhibited the initial rate of proton transport more than the extent of transport. Differences in the rates of proton diffusion during the buildup and collapse of a proton gradient generated by a proton pump have been reported previously for other transporters (27 and references cited therein).
In a similar study with the vanadate-sensitive proton pump from Neurospora, Perlin et al. (20) concluded that the rate of proton leakage after ATP hydrolysis was stopped was independent of the arresting agent. In light of our results, a closer examination of these earlier results seems to be warranted. In Perlin's et al. work, when the ATP hydrolysis was stopped by either the addition of 3 mm EDTA or HK plus glucose, the rate of proton leakage was 176 ± 6 and 172 ± 10 relative units/min. Upon inhibition by vanadate, the rate was less, 144 ± 11 relative units/min. Therefore, similar results may have been obtained by Perlin et al. (20) with the Neurospora enzyme, although the magnitude of the difference between arresting agents was not as great as reported here.
To determine if the enhanced proton leakage associated with substrate depletion of the ATPase is progressive with declining substrate levels, the effect of ATP concentration on the rate of proton leakage during the buildup of the proton gradient, kA, was evaluated. These analyses indicated that proton leak during pumping, kA, increased when the ATP concentration was decreased below 0.2 mm (Fig. 6) . The other two kinetic parameters, initial rate of proton transport, RH, and the extent of proton transport, bs, had Michealis-Menten like kinetics saturating as the ATP concentration approached 2 mm. The lines for native and reconstituted vesicles extrapolated to the Y axis, 0 mM ATP, at approximately the same rate of proton leakage as when the ATP hydrolysis was stopped by either HK or EDTA addition.
Effect of Assay Conditions on k1 and k2
Recently, Pope and Leigh (23) summarized a series of experiments indicating that in the presence of nitrate, AO induced an increase in the membrane's permeability to protons. The kinetics of proton transport in the presence of KNO3 were compared to that in KCI to determine if a similar phenomenon occurred in our systems and whether the relatively high rates observed for k, and k2 stemmed from our use of AO and KN03. Unequivocal results could not be obtained with many preparations of native vesicles since they contained traces amounts of nitrate-sensitive proton pump. The activity from this second pump would interfere with the measurements of the activity of the vanadate-sensitive proton pump made in the presence of KCI. However, about one preparation of the KI-washed microsomes out of five lacked the nitratesensitive proton pump as evident by the absence of proton transport activity in the presence of 50 mm KCI and 0.2 mm vanadate. With such preparations of KI-washed vesicles, proton transport was not as great in the presence of chloride as compared to nitrate. The initial rate of proton transport was Data from changes in either absorbance or fluorescence of either acridine orange or quinacrine were transformed as described in "Materials and Methods" to yield the following kinetic parameters: steady state change (6s), rate of proton leakage during pumping (k1), initial rate of proton pumping (Ro), and the rate of proton leakage after ATP hydrolysis was stopped (k2). and chloride, respectively. The lack of a difference in the rate of proton leakage between chloride and nitrate suggested that nitrate ions were not altering the intrinsic permeability of membranes in the presence of AO. Similarly, duPont et al. (7) recently concluded that proton transport by the vanadatesensitive pump from barley roots could be followed by changes in the spectral properties of AO.
To confirm the results obtained from changes in AO absorbance, proton transport by reconstituted vesicles was followed by changes in the fluorescence of AO and quinacrine (Table I ). Essentially the same rate constants for proton leakage during the pumping stage of the assay (k,) and after the addition of arresting agents (k2) were found for the three different assays for proton transport. These results provided further evidence that the results were not confounded by the use of AO and nitrate containing buffers.
Estimation of the Stoichiometry of the VanadateSensitive Proton Pump A tentative stoichiometry for the vanadate-sensitive proton pump was estimated by the following approach. One of the methods for relating changes in the absorbance or fluorescence of a pH dependent probe is to plot the ratio of the intravesicular and extravesicular concentration of the probe as a function of imposed pH gradients (20) . For such a correlation one needs to know the internal volume of the vesicles. The internal volume was determined both experimentally and empirically. When liposomes were chromatographed on a Sepharose CL-2B column, the phospholipids eluted with a retention volume that was slightly less than that of 38 nm diameter latex beads (data not shown). Assuming a bilayer thickness of 0.5 nm and that each phospholipid head occupied 0.5 nm2 of surface area (13) , an internal volume of 0.57 ,tL/mg of phospholipid was calculated. This empirical value was very close to the value of 0.52 ,L/mg of phospholipid determined experimentally by the amount ofcarboxyfluorescein trapped by the liposomes during reconstitution according to the method of Goormaghtigh and Scarborough (1 1). Vesicles were then reconstituted at different pH values from 5 to 6.5. Fifty ,uL aliquots were diluted into AO assay media (pH 6.5), and the change in absorbance at 492 nm was monitored. After a few minutes, the remaining pH gradient was collapsed by the addition of 20 ,uL of 1 M NH4CL. Using the above value for the intravesicular volume, the concentration of AO inside and outside ofthe liposomes was calculated, assuming that the observed decrease in absorbance represented the amount of AO within the vesicles. The logarthim ofthe intravesicular and extravesicular AO concentration was plotted as a function of the imposed pH buffer (Fig. 7) . From this calibration curve, the average &, for the reconstituted pump was found to represent an average pH gradient of 1.1 units. The internal buffering capacity of the liposomes was determined by the method of Maloney (18) (28) is that the change in absorbance of AO is linearly related to the number of transported protons. Therefore, the use of an alternative calibration curve was tested. Changes in absorbance of AO were plotted as a function of imposed pH gradient (Fig. 8) . Also, the number of nmol of H+ necessary to change the pH of the intravesicular space was estimated by titrating vesicles in the presence and absence of 0.02% Triton X-100 following a protocol similar to Ramirez et al. (24) . This difference was plotted as a function of the change in pH. Using these data, a plot of the change in AO absorbance against the number of protons was constructed, which was relatively linear. Using this type of calibration, a similar value for the stoichiometry for the vanadate-sensitive proton pump was obtained, 0.8. These results suggest that the vanadatesensitive proton pump from maize root microsomes may be very similar to that of Neurospora which has been found to have a stoichiometry of proton transport to ATP hydrolysis of 1.0 (20) .
